621st MEETING. LONDON 58 1 rat and human glutathione transferase subunits has also been observed (for review see Mannervik, 1985). Such conservation between subunits within and across species bodes well for future structure-function investigations of glutathione transferases since such conservation provides clues to important regions of the subunits.
Glucuronide formation is a major pathway in the biotransformation and elimination of a wide variety of endogenous and xenobiotic compounds (Dutton, 1980) . These glucuronidation reactions are catalysed by a number of closely related UDP-glucuronyltransferases (see Burchell et al., 1985) .
Our aims are to describe the molecular basis of the genetic deficiencies and mechanisms of regulation of UDPglucuronyltransferase (UDPGT) by drugs and hormones during development in humans. It is necessary to characterize the specificy of purified UDPGTs and to study the structure and expression of the cloned genes to achieve these aims. Our current progress with the molecular genetics will be briefly described here. Most of the work referred to has been done using rat liver before our attention was turned towards the studies of human liver transferases.
Abbreviations used: UDPGT, UDP-g~ucuronyltrdnsferase; kb, kilobases.
Isolation und preliminary characterization of the androsterone UDPGT gene
Genomic clones coding for UDPGTs have been isolated from a library constructed using DNA partially digested with EcoRI and insertion of the fragments into Charon 4A (Sargent et ul., 1979) . Two gene fragments coding for androsterone UDPGT have been identified using the corresponding cDNA. A preliminary analysis of the structural organization of the two fragments has been obtained by restriction mapping and Southern blotting. The exact overlap between the two fragments has not been established, but the results obtained indicate that the gene size could be up to 26 kb. Many smaller fragments have been sub-cloned into pUC 1 8/ 19 for further mapping and sequencing.
Heterogeneity of rat liver UDPGT cDNA clones
A comparison of the nucleotide sequences of 35 rat UDPGT cDNAs has allowed their categorization into four classes which presumably code for four different UDPGT mRNAs (Jackson & Burchell, 1986; Jackson et al., 1987) . The sequences are 84-95% homologous within the coding regions. Indeed the close similarities of some class 3 cDNAs indicate the existence of microheterogeneities where six nucleotide changes are found over 1 170 bp of sequence. Only one of these changes results in a significant non-
conservative amino acid change in the deduced protein sequence. Whether these variants are the products of different alleles of the same gene in outbred rats is not known.
The UDPGT cDNAs isolated and sequenced so far (Jackson & Burchell, 1986; Mackenzie, 1986; Jackson et al., 1987) are considerably more conserved than the most distantly related members of the cytochrome P-450 gene families (see Nebert, 1985) . Preliminary Southern blot analysis of rat liver nuclear DNA using probes prepared from the cDNAs obtained indicates that they are all part of a closely related gene family (R. Corser, unpublished work). Mackenzie et al., (1984) have reported that one of their clones (pUDPGTr-2F) is a more distantly related member of this multi-gene family, based on sequence homology (Mackenzie, 1986) .
Comparison qf human and rat UDPGT sequences
We have isolated a human UDPGT cDNA for the first time (Jackson et al., 1987) . The human UDPGT cDNA could not be considered as a homologous member of any of the four classes of rat UDPGT cDNA that we have isolated. No significant homology in the 3' non-coding sequences of human and rat cDNAs was observed. A comparison of the percentage homologies of amino acid sequences deduced from cDNAs containing full length coding regions is shown in Table I . Two single codon gaps have to be introduced into the human sequence to maximize the homologies with the rat sequences and then 6 0 4 4 % homologies are observed. These homologies would increase to approx. 79-90'/0 respectively if conservative changes are included in the assessment, although we do not know whether sequences of the same isoenzymes from the two species have been compared. However, the data do indicate the high degree of homology of the isoenzymes even in different species.
DNA probes prepared from human UDPGT cDNA surpisingly hybridize only weakly to rat mRNAs in Northern blot analysis, even at low stringencies, although there are extensive sequence homologies between the UDPGTs from the two species (Jackson et al., 1987) . However, the human cDNAs are proving to be useful probes for examination of the genetic deficiency of UDPGT in Gunn rat liver by Southern and Northern blotting, possibly by a more specific identification of the less abundant UDPGT mRNA species, which may explain the weak Northern signals.
Post-transcriptional processing of UDPGT R N A
Northern blot analysis of human liver RNA using human UDPGT cDNA showed that this sequence can strongly hybridize to a range of different human UDPGT mRNA species (2.4-2.8 kb) and also a weak recognition of a 3.7 kb mRNA species (Jackson et al., 1987) . Similarly, rat class 2 UDPGT cDNA identified 2.5 kb and 3.8 kb RNA species on Northern blots of total rat liver RNA (Jackson & Burchell, 1986) . The presence of at least two polyadenylation signals (AATAAA) in the non-coding sequence of rlug 2 cDNA (Jackson & Burchell, 1986) and hlug 25 cDNA could explain why more than one size of UDPGT mRNA species was recognized by probes specific for these classes of UDPGT cDNA on Northern blot analysis. We have attempted to resolve this problem using rlug 2 sequences including, or from further downstream of (excluding), the most likely polyadenylation site (Fig. I) . The results show that the 2.5 kb and 3.8 kb mRNAs were both identified by the Sac1 to AccI cDNA probe obtained from the 3' noncoding region, whereas only the 3.8 kb mRNA was recognized by the Hind111 to EcoRI fragment from the 3'-end of the rlug 2 cDNA, indicating that the 3.8 kb UDPGT mRNA was produced when splicing and polyadenylation occur at a position further downstream.
There are a number of examples reported in the literature where alternative splicing occurs in the 3' non-coding regions (e.g. Clarke et al., 1984) ; variation in the length of the human alcohol dehydrogenase mRNAs has been attributed to the use of up to five different polyadenylation sites (Heden et al., 1986; Bilanchore et al., 1986) .
Post-translational modijication of UDPGTs
UDPGTs are post-translationally modified by glycosylation and proteolytic cleavage which would occur in the lumen of the endoplasmic reticulum after insertion of the proteins into the membrane. Inspection of the N-terminal sequence of the predicted human and rat UDPGTs shows a highly conserved region which probably acts as a signal Total liver RNA from rats treated with various xenobiotics was size separated by agarose gel electrophoresis and the RNAs transferred to nitrocellulose and hybridized to two different restriction fragments obtained from rlug 2 cDNA (Jackson & Burchell, 1986) . Lanes 1-5 were probed with "P-labelled Sacl-Accl cDNA fragment (B) and lanes 6-10 were probed with "P-labelled Hindlll-EcoRI cDNA fragment (B). The locations of these two fragments are indicated by the limited restriction map of rlug 2. The asterisk indicates the known location of a polyadenylation sequence.
sequence for co-translational insertion into endoplasmic reticulum (see Rapoport, 1985) . The evidence for post-translational cleavage of a single sequence from UDPGT is not particularly strong. Mackenzie & Owens (1984) have reported that a peptide of M, 2000 is cleaved from some rat UDPGTs synthesized in vitro by inclusion of dog pancreas microsomes in the reticulocyte lysate incubation mixture. These microsomes contain the components necessary for post-translational modification of proteins (Shields & Blobel, 1978; Hanover & Lennarz, 198 I). Improved electrophoretic separation, which showed at least three UDPGTs synthesized in vitro with M , of 50 000-52 000 (Jackson & Burchell, 1986) , indicates a more complicated picture; the reported processing of a UDPGT of M, 52000 to a protein of M, 50000 was not obvious and a clearer analysis is required. Mackenzie (1986) has cloned a UDPGT cDNA into the expression vector pSP64, which allows synthesis of UDPGT mRNA in vitro by SP6 RNA polymerase. This mRNA translated in vifro in reticulocyte lysates in the presence or absence of dog pancreas microsomes suggested a partial cleavage of the protein (Mackenzie, 1986) .
The best evidence in support of a cleaved signal sequence has been very recently indicated from preliminary N-terminal sequence analysis of purified rat liver androsterone UDPGT (M. D. Green & T. Tephly, personal communication). The work suggests that the mature androsterone UDPGT begins 20 residues downstream of the amino acid sequence deduced from rlug 42 cDNA coding for pro-androsterone UDPGT (M. Jackson, D. Harding & B. Burchell, unpublished work). Thus, by analogy the UDP G T sequence deduced from rlug 38 or hlug 25 cDNAs starting from the earlier initiation codon might be assumed to encode pro-UDPGT sequences (see Jackson et al., 1987) . Cleavage of the hypothetical pro-UDPGT at a position consistent with the N-terminus of mature androsterone UDPGT would indeed be predicted based on the pattern of amino acids identified near signal sequence cleavage sites (Von Heijne. 1983 Watson, 1984) . The evidence presented here is by no means conclusive, and it is possible that the N-terminal residue determined by protein sequence analysis may be the result of 'artefactual' proteolytic cleavage during purification. Other microsomal proteins, cytochromes P-450 (see Coon c>f ul., 1985) and epoxide hydrolase (Dubois e f ul., 1979), do retain their 'signal' sequences. Further work is required to unequivocally determine if UDPGT is produced as a pro-protein. The use of a coupled transcription-translation system in vitro (Steuber
1"
d., 1984) or SP6 (see Mackenzie, 1986 ) with cloned UDPGT cDNA and purified signal peptidase (see Finidori c't d., 1984) should help to resolve this problem.
The size of some UDPGTs present in vivo (50000-56000 Da) indicated by purification work and immunochemical analysis (see above), which are greater than the UDPGTs synthesized in iitro (approx. 52 000 Da), suggests that post-translational glycosylation might be responsible for the differences. Most purified UDPGTs have been reported to be glycoproteins after periodic acid/Schiff reagent staining (Roy Chowdhury et d., 1986) . Glycosylation of a rodent liver UDPGT has been suggested by inclusion of dog pancreas microsomes during synthesis of UDPGTs in vifro (Mackenzie rt d., 1984; Mackenzie. 1986 ).
The carbohydrate moiety was apparently subsequently removed by treatment of the proteins with endoglycosidase H. Putative glycosylation sites in the UDPGT amino acid sequences deduced from cDNA clones suggest that this form of post-translational modification could occur (Burchell & Jackson, 1986; Mackenzie. 1986; Jackson et ul., 1987) .
We have recently shown (S. Shepherd & B. Burchell, unpublished work) that purified bilirubin UDPGT is VOl. 15 deglycosylated by peptide : N-glycosidase F without loss of enzymological activity, demonstrating that glycosylation is likely to be involved only in membrane orientation of this enzyme in the membrane.
Membrane topology of UDPGT
The characteristics of UDPGT described above would suggest that UDPGT might be anchored into the endoplasmic reticulum membrane by the C-terminal transmembrane domain, with the majority of the protein including the N-terminus being located on the lumenal side. The highly hydrophobic sequence followed by the short and very highly charged C-terminal tail protruding from the membrane into the cytoplasm could act as a stop transfer signal, and might help to maintain the membrane orientation of the protein (Rapoport, 1985) . The proposed topology suggests that the active site of the enzyme has a lumenal location, and this would certainly help to explain the trypsin insensitivity of UDPGT in intact microsomes (Wilkinson & Hallinan, 1977) and influence theories concerning the known latency of this enzyme (Dutton, 1980) .
Concluding remurks
Whilst considerable advances have been achieved over the last 2 years in molecular characterization of rat and human UDPGTs, more work is required to identify more members of this family of enzymes. In particular, various human and rat liver cDNAs need to be identified with particular UDPGT activities and this should be achieved by further amino acid sequencing and expression of full-length cDNA in yeast or cell cultures. In this way we should rapidly obtain an understanding of the molecular heterogeneity of this family of proteins, which play such a key role in the metabolism of drugs and detoxification of foreign compounds. The future advantages of cloning of human UDPGT cDNAs should be that the metabolic activities of these enzymes can be studied after their expression in various cell culture lines.
We are especially grateful to Richard Hynes and Savio Woo for supplying their liver cDNA libraries, to Roland Wolf for making available human liver samples and to Mitchell Green and Tom Tephly for communicating preliminary N-terminal sequence analysis of purified rat liver androsterone UDPGT before publication. We also thank the Medical Research Council and the Wellcome Trust for grants supporting this work. S.W. holds an S.E.R.C. studenship. B.B. is a Wellcome Trust Senior Lecturer. Metallothioneins (MT) are small, cysteine-rich proteins which bind heavy-metal ions, the principle physiological ligands being zinc, copper and cadmium. For recent reviews of the occurrence, physiology and structure of MT, see Kagi & Nordberg (1979) , Cousins (1983 , Hamer (1986 and Kagi & Kojima (1986) . MT genes are expressed in many tissues, including liver, kidney, intestine, muscle, heart, spleen, testes and brain. Although usually expressed at a fairly low basal level, MT synthesis can be induced by a variety of stimuli, including elevated concentrations of heavy metals, glucocorticoid hormones, inflammatory agents and a-interferon. Specific DNA sequences within a few hundred base pairs upstream of the transcribed region are required for these responses. These sequences are thought to be binding sites for particular transcription factors which mediate the responses to the various inducers. Karin et al. (1984) identified a region of the human MTIIA promoter around nucleotide -250 which is able to bind the glucocorticoid receptor and is required for regulation of the gene by the synthetic glucocorticoid dexamethasone. The regulation of hMTIIA transcription by a-interferon is probably mediated by a sequence at about -630 which shows strong homology to sequences present upstream of the interferon-regulated histocompatibility locus antigens HLA-DR and HLA-A3 (Friedman & Stark, 1985) . The acute-phase response of the mouse MT-I gene appears to be mediated by DNA sequences between positions -180 and -350 (Durnam et al., 1984) . Several groups have identified sequences responsible for regulation by heavy metals (Carter et al., 1984; Karin et al. 1984; Stuart et al., 1984) . Regulation by heavy metals is discussed further below. In addition to these promoter elements which cause transcription of the genes to be responsive to their respective inducers, MT promoters contain sequences that have been identified in other genes to be functional binding sites for constitutive transcription factors (e.g. SPl and the adenovirus major late transcription factor). These sequences might contribute to the basal level of expression of MT genes, or their activity might be modulated by regulatory factors bound at their respective recognition sequences.
Metallothionein gene regulation
The remainder of this paper will summarize my work on the regulation of the MT promoter by heavy metals, leading to a working model for regulation by heavy metals.
Analysis of promoter mutants
We have analysed the function of mutant MT promoters Abbreviations used: MT, metallothionein; TK, thymidine kinase; BHK, baby hamster kidney; bp, base pairs; MRE, metal regulatory element; MRP. metal regulatory protein.
in plasmids in which the MT promoter region was joined to the coding region of herpes virus thymidine kinase (TK). Expression of the fusion gene promoter mutants was analysed after microinjecting the DNA into mouse egg pronuclei, or after transfection of the DNA into TKdeficient baby hamster kidney (BHK) cells. As an internal control for the efficiency of getting the DNA into the cell and for the efficiency of regulation by heavy metals, we used a similar fusion gene in which the MT promoter region directs the expression of /?-galactosidase. Levels of the gene products were assayed 1 day after microinjection or on the second day after transfection, inducing concentrations of zinc or cadmium being added 14-16h previously for the analysis of induced expression (Stuart et al., 1984; Searle et al., 1985) . Subtly different patterns of expression were obtained with panels of mutants assayed in both mouse eggs and BHK cells; however, the major conclusions are the same whichever system is considered. The differences will be discussed later.
Multiple sequences are involved in regulation by metals
A series of 5' deletions through the MT promoter region showed a progressive loss of response to heavy metals as sequences between -186 and -59 (or -49) were removed, suggesting that multiple sequences between these boundaries were contributing to the response. Similarly, a set of deletions between -42 and extending progressively further upstream showed a progressive loss of regulation. In the extreme cases, a mutant lacking all MT promoter sequences upstream of -65 had a (small) response to zinc, and further 5' deletion to -42 elminated this response. However, an internal deletion mutant lacking sequences between -134 and -42 was responsive, indicating that at least two separate regions of the MT promoter were able to mediate a response to metals.
Comparison of the sequences of several metallothionein gene promoters indicated the presence of a fairly strongly conserved sequence centred about 49 bp upstream of the transcribed region, the version in the mouse MT-I promoter being CCTTTGCGCCCG. Four similar (but not identical) sequences were present further upstream in the MT-I promoter, at positions compatible with the postulate that each of these sequences contributes to the response to heavy metals. We refer to the sequence around -49 as metal regulatory element-a (M RE-a) and those progressively further upstream as MRE-b (centred at -61, in inverse orientation), MRE-c ( -127), MRE-d ( -145) and MRE-e
MRE-a confers responsiveness to a heterologous promoter
As a critical test to determine whether MRE-a was sufficient to make a gene respond to heavy metals, we inserted a synthetic DNA fragment composed of the MRE-a sequence with 5'-GATC. . . 'sticky ends' into BamHI
